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Abstract
Two measures to enhance welding process stability with respect to a varying focal position are presented and discussed 
with regards to possible effects of laser power efficiency increase.
Spatial beam movement was caused by a deflecting mirror and proved to create a welding process with a higher constancy 
in welding depth when changing focal position. A larger cross sectional area of the weld seam was measured showing 
increased laser absorption when compared to a static beam.
Sinusoidal laser power modulation was tested for varying focus positions and proves to induce a deeper weld seam at
moderately increased cross sectional areas. The power modulated welding process is dominated by the influence of melt
dynamics which can be guided by choosing suitable modulation parameters.
Both systems can be used to stabilize the welding process against loss of joint area or loss of connection which may occur 
due to focal shift in high brightness laser beam optics.
© 2013 The Authors Published by Elsevier B.V.
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1. Motivation
Various investigations were made in the past to describe the effect of spatial and temporal laser beam 
modulation on the laser welding process. Less process defects like pores and spatters could be achieved by
using power modulation [1][2][3], and new challenges in materials joining, like copper-aluminum joints, were
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investigated [4]. But also for a standard aluminum welding process an increase in process efficiency was 
measured [5]. 
With the development of high-brightness laser sources it becomes more difficult to find a stable focal 
position of the laser beam waist because of the time dependent response to thermal load and optical 
distortions in the transmitting optics inside the laser processing head [6][7]. Measuring and correcting the 
focal position is one measure to react. Another approach is to increase the robustness of the welding process 
itselfagainst thermal shift of the focus position.The presented investigations were made to further look into the 
potential of beam modulation especially with the aim to reach a more robust process with respect to a focus 
shift. A general theory on the potential to increase process efficiency is presented. 
2. Theory 
When a shift in focal position occurs, induced by misalignment or by beam distortion caused by laser 
power absorption in the optics, the beam radius z on the workpiece surface is enlarged according to 
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where z denotes the beam radius in the beam waist, z the distance from the beam waist in propagation 
direction and zR the Rayleigh length of the beam configuration. This leads to a change in the maximum 
intensity of a laser beam on the surface Iz, depending on the laser power P provided. 
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A drop in intensity leads to a lower penetration depth and often to a decrease in the cross sectional area of 
the weld seam. According to [8] the absorption in the keyhole is depending on the diameter at the opening and 
the depth. Therefore depending on the resulting decrease in aspect ratio less energy is absorbed and used to 
melt material to create a maximum joining area. In the extreme case a changeover from deep penetration to 
heat conduction welding takes place [9] and may cause a missing joint. 
3. Experimental Setup and Results  
Two methods were investigated to enhance the stability against focal shift effects and efficiency of laser 
welding of aluminum with a TruDisk 5001 laser.  
3.1. Spatial Beam Oscillation 
In the first method the laser beam was deflected with a fast scanner to superimpose a circular movement of 
the focal spot on the work piece to the constant feed speed of 5 m/min of the work piece itself.  
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Fig. 1. Left: Sketch of laser beam movement, where oscillation and frequency result in the track speed. Right: Superposition with the 
feed speed causes a time dependent and position dependent resulting speed.
By this means a beam is created which has different properties when on the one hand regarded in a short term 
scale, i.e. small beam diameter and a short Rayleigh length and when on the other hand considered and
integrated as one on a long-term scale (few milliseconds), i.e. larger diameter and longer Rayleigh length(see 
larger arrow in Fig. 2).
Fig. 2. Sketch of beam caustic dimensions.Dashed: Small static beam.Dotted: Small oscillating beam at maximum deflection. Solid:
Larger static beam (reference beam).
The diameter of the static reference beam is given by the fiber core diameter dcore and the focal lengths of 
the collimating fcol and focusing ffoc lens. The virtual diameter of the oscillating beam is the sum of the static
diameter and twice the amplitude aosc of the circular beam movement.
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Superposition of the linear movement of the workpiece and the circular beam movement forms a loop 
pattern (Fig. 1) with an outer diameterof 200 μm, while the reference laser beam has a diameter of 150 μm.
Fig. 3 shows the relative welding depth of the reference beam and the oscillating beam for different focal
positions. The depth is plotted relative to the welding depth reached at a focus position of z = -0,2 mm below 
the workpiece surface respectively (100% at -0,2 mm) which is 1131μm for the reference beam and a
significantly higher value of 1820 μm for the oscillating beam.
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left bars:
df = 150 μm, 
reference beam,
100% at
depth = 1311μm.
right bars:
df = 100 μm, circle,
aosc = 50 μm, 
fosc = 600 Hz,
100% at
depth = 1820μm.
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Fig. 3.Relative welding depths as a function of the focal position for the static reference beam (df = 150 μm) and the oscillating beam (df+
2aosc = 200 μm).
An increase in penetration depth is clearly seen in Fig. 3 while it follows from further analysis of cross
sectional images that the weld seam area is also increased at constant laser power. In addition, the welding
depth achieved with the oscillating beam is much more stable against shift of the focal position.
To investigate the influence of capillary movement at similar capillary aspect ratios further experiments have
been made to compare the welding depth and area when using two beams of the same instantaneous diameter,
one of which is oscillated (dref = dosc,static). The results show that the gain in welding depth with oscillation is
about 3% while in weld seam area it is about 5% over a range of 2 mm (4 zR) of focal positions.
3.2. Laser Power Modulation
In the second method investigated a laser with a sinusoidal modulated power was used to weld aluminum 
alloys at 2 m/min feed speed. The laser power was modulated at a frequency of 167 Hz and an amplitude that 
equals the average power (e.g. 1,5 kW± 1,5 kW). Fig. 4 shows the welding depth achieved for different focal
positions relative to the depth achieved with focal position on the surface which are in the standard case
(called cw) and in the modulated case 1,05 mm and 1,39 mm respectively in the case of 750 W (average) laser 
power.
Fig. 4.Welding depth (relative to depth reached with focal position on the surface) for different focal positions achieved with cw laser and 
modulated laser beam at a frequency of 167 Hz and a modulation amplitude equal to average power. Absolute values for focus position 0
are from left to right: 1,05 mm; 1,39 mm; 2,15 mm and 2,56 mm.
The modulation parameters were found to be optimal when choosing a low frequency and high ratio of 
amplitude per mean power so that the deep penetration thresholdwas crossed leading to an opening and
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closing of the keyhole during every modulation period. 
 
 
 
 
 
 
 
 
Fig. 5. Longitudinal Section of weld seams which resulted from a welding process with continuous change of focal position relative to the 
work piece from z = 0 to z = +4zR. Top: constant laser power of 1000 W. Bottom: modulated laser power at Pm = 1000 W, A/Pm = 1/1 and 
f = 167 Hz. 
When comparing seams welded at equal average power at constant and modulated laser beam power a 
significant increase in weld depth is seen while it follows from cross sections analysis that the cross sectional 
area is increased by about 5% and more depending on the modulation parameters, leading to a higher aspect 
ratio (depth/width) of the weld seam. The gain in weld seam area is most significant when welding close to 
the deep penetration threshold. 
 
In Fig. 5 two longitudinal sections of weld seams display the difference in welding depth when using 
modulated laser power at tuned focal positions. When both processes are in deep penetration welding mode 
the gain of power modulation is up to 80% of welding depth.When using a defocussed welding position the 
gain in welding depth grows; the process window of deep penetration welding with respect to different focal 
positions is enlarged by power modulation. 
4. Discussion 
Two measures to enhance welding stability were tested. When discussing spatial oscillation of a laser beam 
two cases have to be regarded separately. In the first case in Table 1 the integrated oscillated beam is 
compared to a beam of the same diameter. Therefore the short-term beam consists of a smaller diameter and a 
higher intensity. At the investigated modulation frequency the capillary is fast moving through the meltpool 
and in this case has a higher aspect ratio than the reference beam. The high increase in welding depth is 
therefore predominantly a result of better energy coupling by multiple reflectionsin a deeper keyhole [8][10].  
Table 1. Summary of weld seam results achieved with a manipulated beam in comparison to a standard laser beam weld seam. 
 
Type of beam manipulation/ compared beams Change in welding 
depth 
Change in cross 
sectional area 
Oscillation where dref = dosc,integr. High increase High increase 
Oscillation where dref = dosc,static Moderate increase Moderateincrease 
Laser power modulation Pm = Pcw High increase Moderate increase 
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The second case in Table 1 compares two equally shaped beams (on the short term scale). High speed
videos allow the conclusion that the capillary open diameter is equal in both cases. As the intensity is at the
same level, the keyholes aspect ratio should be the same. Nevertheless a moderate increase in coupling
efficiency is observed compared to the reference beam in this case. Heat transportation effects may be
responsible for this phenomenon. As not only the cross sectional area but also the welding depth are increased 
heat transport into the depth of the material must take place. A second assumption what may be the cause for
more effective use of supplied laser power is better absorption in a stronger inclined keyhole front due to the
faster resulting speed of the keyhole in the oscillation case.
In the third case in Table 1 sinusoidal laser power modulation is investigated. An overall strong increase in 
welding depth is observed while the cross sectional area rises at a lower level. This indicates a higher aspect 
ratio of the solidified weld seam. During power modulation the peak intensity reached at the top of the sine
signal for a short period is sufficient to create a deep weld seam while the valley of the sine signal allows the
capillary to collapse and to cool down the melt, introducing less energy which would be transported to the
side leading to a wider weld seam.
To illustrate the possible behavior of the keyhole inside the melt pool in Fig. 6 sketches of the melt pool
are given. The arrows in the middle images indicate the direction of force caused by the keyhole
displacement. This force may lead so higher melt dynamics and heat convection to the sides and into the
depth of the material in the upper case of spatial beam oscillation in Fig. 6. In the lower case of laser power 
modulation the collapse and buildup of the capillary may cause an increased convection towards the bottom of 
the melt.
Fig. 6. Sketch of possible keyhole behaviour in manipulated laser beam welding. Left: Standard laser beam welding and welding
depth. Middle and right: Keyhole displacement and resulting force on the melt leading to a deeper penetration depth.
Two more features of the welding process may also cause the observed effects of increased efficiency and
will probably add to the described effects of keyhole induced heat convection.
First the effects of heat conduction, possibly increased by the higher local difference in temperature
according to the fast displacement of the capillary need further investigation. Secondly heat losses by
evaporation may also be influenced by beam manipulation and must be investigated separately.
The effect of better stability of the welding depth at varying focal positions overall indicates the better 
effectiveness of all the aspects described when welding closer to the deep penetration threshold.
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5. Summary 
Less than the maximum possible energy is used when welding an aluminum alloy at a moderate feed speed 
in standard welding configurations i.e. constant laser power in a linearly moving beam. Two configurations 
are introduced both leading to a more efficient usage of mean laser power. 
The efficiency of utilization of laser power is increased to reach melting temperature in a larger amount of 
the base material. This featureis the more effective the closer the process comes to the deep penetration 
threshold. This causes the welding process to be more robust against a focal shift. Further studies to better 
distinguish between the effects of coupling efficiency, heat distribution and heat losses will give further 
insight. Possible positive influences of the capillary movement on heat convection have been described in this 
paper. 
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